Crystal structure of the alternative oxidases: New insights into the catalytic cycle  by Shiba, T. et al.
S14 Terminal Oxidases
14L1
Proton transfer in NO-reducing heme-copper oxidases
Pia Ädelroth, Josy ter Beek, Hyun Ju Lee, Nathalie Gonska,
Lina Salomonsson, Davinia Arjona, Joachim Reimann
Stockholm University, Department of Biochemistry and Biophysics,
Svante Arrhenius väg 16, 10691 Stockholm, Sweden
E-mail: piaa@dbb.su.se
Heme-copper oxidases (HCuOs) terminate the respiratory chain in
mitochondria and most bacteria. They are integral membrane proteins
that catalyse the reduction of oxygen, and they convert the liberated free
energy into a proton-motive force across the membrane. The HCuO
superfamily has been divided into the oxygen-reducing A-, B- and C-type
oxidases as well as the bacterial NO reductases (NOR), where the latter
are not O2-reducers but instead catalyse the reduction of NO in the
denitriﬁcation process. Proton transfer to the catalytic site in the
mitochondrial-like A family occurs through two well-deﬁned path-
ways termed the D- and K-pathways. The B, C, and NOR families differ
in the pathways as well as the mechanisms for proton transfer to the
active site and across the membrane. In the NORs, recent structural
work has shown that there are possible differences in the proton
transfer (PT) pathways between the NOR that uses cyt. c as electron
donor (cNOR) and NOR that uses quinol (qNOR), where qNOR has a
putative PT pathway from the cytoplasm, in contrast to cNORwhich is
known to be non-electrogenic and use periplasmic protons for NO-
reduction (2NO+2e−+2H+→N2O+H2O). We study the PT path-
ways and mechanisms speciﬁcally in the C-type HCuO as well as both
cNOR and qNOR using site-directed mutagenesis in combination with
time-resolved spectroscopy during single turnovers, and recent
results from these studies will be presented and discussed.
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Cytochrome c oxidase (CcO) catalyses electron transfer from
cytochrome c to molecular oxygen in a manner that is coupled to
transmembrane proton transfer. Mammalian mitochondrial CcO is a
dimer with 13 different polypeptides in each monomer. Subunits I, II
and III form its catalytic core and structurally similar homologues of
these three subunits are present in the simpler 3–4 subunit bacterial
CcOs. The roles of the additional non-core supernumerary subunits of
mammalian CcOs are not well understood. Furthermore, despite the
structural similarities of the mammalian and bacterial core subunits,
difﬁculties in reconciling existing experimental data preclude a
deﬁnitive resolution of whether their coupling mechanisms are the
same. In particular, a hydrophilic H channel, ﬁrst identiﬁed in the
bovine CcO structure [1], has been proposed to be the route for its
translocated protons. This contrasts with the view, supported by
extensive mutagenesis work, that the D channel fulﬁls this function in
bacterial CcOs. However, an alternative possibility is that the H
channel, which is weaker and discontinuous in bacterial CcOs, is
functionally required in all forms of CcO but acts instead as a
‘dielectric channel’ [2] to enable energetically facile transient electron
transfer through buried haem a. If it does indeed act in this manner, it
is further possible that this structure in mitochondrial CcOs may
provide, in conjunction with nearby supernumerary subunits, a
means of control of core enzymatic function. Evidence for these
proposals will be reviewed, together with the new data being
obtained with mutant forms of yeast (Saccharomyces cerevisiae) CcO
[3].
References
[1] K. Shimokata, Y. Katayama, H. Murayama, M. Suematsu, T.
Tsukihara, K. Muramoto, H. Aoyama, S. Yoshikawa, H. Shimada,
The proton pumping pathway of bovine heart cytochrome c
oxidase, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 4200–4205.
[2] P.R. Rich, Electron Transfer Complexes Coupled to Ion
Translocation, In: D.S. Bendall (Ed.), 1996, pp. 217–248, Oxford,
UK.
[3] B. Meunier, A. Maréchal, P.R. Rich, Construction of histidine-
tagged yeast mitochondrial cytochrome c oxidase for facile
puriﬁcation of mutant forms, Biochem. J. 444 (2012) 199–204.
doi:10.1016/j.bbabio.2012.06.276
14L3
Crystal structure of the alternative oxidases: New insights into the
catalytic cycle
T. Shiba1, Y. Kido1, K. Sakamoto1, D.K. Inaoka1, E. Oluwadare Balogun1,
T. Nara1, T. Aoki1, T. Honma1, A. Tanaka1, M. Inoue1, S. Matsuoka1,
H. Saimoto1, S. Harada2, K. Kita1, A.L. Moore3
0005-2728/$ – see front matter.
Biochimica et Biophysica Acta 1817 (2012) S102–S114
Contents lists available at SciVerse ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbab io
1Department of Biomedical Chemistry, Graduate School of Medicine,
The University of Tokyo, Tokyo 113‐0033, Japan
2Department of Applied Biology, Graduate School of Science and Technology,
Kyoto Institute of Technology, Kyoto 606‐8585, Japan
3Biochemistry and Biomedical Sciences, School of Life Sciences,
University of Sussex, Falmer, Brighton BN1 9QG, UK
E-mail: a.l.moore@sussex.ac.uk
Alternative oxidases are not only found in all plants, but also occur
in many fungi in addition to several pathogenic organisms including
the blood parasite Trypanosoma brucei and the intestinal parasites
Cryptosporidium parvum and Blastocystis hominis. Because of their
absence from their mammalian host, AOX proteins are considered to
be important potential anti-parasitic and phytopathogenic targets in
these systems. Previous sequence-basedmodelling suggested that the
alternative oxidases are integral (~32 kDa) interfacial membrane
proteins that interact with a single leaﬂet of the lipid bilayer,
and contain a non-haem diiron carboxylate active site. Recent
advances in AOX expression systems and puriﬁcation protocols
resulted in protein of sufﬁcient quality, yield and stability to initiate
crystallisation trials [1,2]. Here we report the ﬁrst crystal structures of
an alternative oxidase (from trypanosomes) in an inhibitor-free and
bound form. Both structures reveal that the oxidase is monotopic and
a homodimer with the non-haem diiron carboxylate active-site
buried within a 4-helix bundle. Unusually for diiron proteins, the
active-site in its oxidized state is ligated solely by carboxylate ligands.
Highly conserved Tyr 220 is within 4 Å of the active-site and site-
directed mutagenesis [3] suggests it is absolutely critical for electron
transport activity. CAVER protein-analysis software estimates that
there are two possible hydrophobic channels one of which is
approximately perpendicular to the membrane surface. This channel
connects the diiron active site with the hydrophobic molecular
surface of the TAO dimer buried within the membrane and interacts
with the second hydrophobic pocket (perpendicular to the ﬁrst) at
the diiron active site. On the basis of these structures we propose that
each of the hydrophobic channels binds one ubiquinol close to the
diiron centre with their quinol rings located at the bottom of each
channel. Such a hydrophobic environment would be suitable for the
oxidation/reduction of ubiquinol and the diiron centre resulting in
the 4 electron reduction of oxygen via a Tyr radical and a ferryl-ferric
bimetallic centre with intermediates comparable to that observed in
cytochrome c oxidase.
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Bacterial nitric oxide reductase NOR is a membrane-integrated
and iron-containing enzyme, which catalyzes the NO reduction
reaction, according to the following scheme; 2NO+2 H++2e−
→N2O+H2O. We recently succeeded in structural determination of
cytchrome c dependent NOR (cNOR) from Pseudomonas aeruginosa
and quinole-dependent NOR (qNOR) from Geobacillus ste-
arothermophilus [1,2]. Overall structures of both NORs are similar to
those of terminal oxidases involved in aerobic and micro-aerobic
respiration, in consistent with the prediction that NOR can be
classiﬁed into the heme-copper oxidase superfamily, and shares the
same ancestor proteins with oxidases in molecular evolution of the
respiratory enzymes. On the other hand, NORs have catalytic active
center consisting of heme and non-heme iron, which is located in
trans-membrane helices. In the case of cNOR, we have structural
information of the resting, fully reduced and ferrous cyanide states.
On the basis of these molecular structures, we can discuss the
molecular mechanism of their enzymatic reactions; NO binding,
proton and electron transfers to form the NN bond and to cleave the
NO bond. In addition, molecular dynamic simulation provides an
insight into the proton/water transfer from either outside or inside
of the cell to the active site of NOR.
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Cytochrome c oxidase is the respiratory enzyme catalyzing the
energy-conserving reduction of molecular oxygen to water. Thermus
thermophilus, an extremely thermophilic bacterium, expresses two
distantly related heme-copper oxidases (HCO) termed ba3- and caa3-
cytochrome c oxidase [1]. While the crystal structure of the B-type
ba3-oxidase has been solved and published in 2000 [2], the A2-type
caa3-enzyme has been only recently crystallised using the in meso
method (cubic phase) with a synthetic lipid and its structure has been
determined at 2.3 Å resolution. The caa3-enzyme is unique among the
HCO superfamily as the canonical subunits I and III are fused as a
single polypeptide and a substrate cytochrome c is covalently bound
to the canonical subunit II. The structure also shows the presence of
an additional subunit IV which surprisingly consists of two trans-
membrane helices. Electron transfer and proton translocation path-
ways in caa3-enzyme in comparison to the classical A1-type enzymes
will be highlighted in the presentation. Furthermore, similarities and
differences among the different structurally-determined terminal
oxidases will also be discussed in the context of their structures and
functions.
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